Climate-induced ocean warming and acidification may render marine organisms more vulnerable to infectious diseases. We investigated the effects of warming and acidification on the immune response of the sea urchin Heliocidaris erythrogramma. Sea urchins were gradually introduced to four combinations of temperature and pH NIST (178C/pH 8.15, 178C/pH 7.6, 238C/pH 8.15 and 238C/pH 7.6) and then held in temperature-pH treatments for 1, 15 or 30 days to determine if the immune response would adjust to stressors over time. Coelomocyte concentration and type, phagocytic capacity and bactericidal activity were measured on day 1, 15 and 30 with different sea urchins used each time. At each time point, the coelomic fluid of individuals exposed to increased temperature and acidification had the lowest coelomocyte concentrations, exhibited lower phagocytic capacities and was least effective at inhibiting bacterial growth of the pathogen Vibrio anguillarum. Over time, increased temperature alleviated the negative effects of acidification on phagocytic activity. Our results demonstrate the importance of incorporating acclimation time to multiple stressors when assessing potential responses to future ocean conditions and indicate that the immune response of H. erythrogramma may be compromised under near-future ocean warming and acidification.
Introduction
Climate-induced changes to ocean temperature and pH are occurring rapidly [1] . One serious concern is the effect of increased temperatures and acidification on organismal stress levels and on the incidence and severity of disease. In marine invertebrates, climate change is altering the interactions between hosts and their pathogens [2] resulting in increased incidence of pathogen outbreaks, altered disease transmission due to shifts in species distributions and changes in host immune systems [2] . Elevated temperatures have been implicated in a number of devastating disease outbreaks, including the spread of white-band coral disease in the Caribbean [3] , withering syndrome in Californian red abalone [4] , protozoan infections in oysters [5] , bacterial infections in shallow Mediterranean sponges [6] and the recent outbreak of sea star wasting disease along the Pacific coast of North America [7, 8] .
The impacts of disease and mortality in marine ecosystems are particularly important when the affected species are ecosystem engineers such as sea urchins [9] . For sea urchins, recent outbreaks of disease and resultant mortality appear to be strongly influenced by increased temperature [9] [10] [11] [12] . Elevated seawater temperature in the eastern Atlantic has been correlated with outbreaks of sea urchin disease, most probably caused by the bacteria Vibrio alginolyticus, which reduced local sea urchin populations by up to 65% [9] . In the Canary Islands, a large die off in Paracentrotus lividus due to bald sea urchin disease where necrotic lesions of tissue develop on the test may have been triggered by elevated temperatures and low wave heights [11] . In eastern Australia, ocean warming is correlated with increased incidence of a similar disease characterized by dark test lesions, spine loss and mortality in Heliocidaris erythrogramma and Holopneustes purpurascens [12] . This disease occurs in many sea urchin species and is associated with aggressive bacterial infections by marine pathogens such as Vibrio anguillarum [13] which can result in significant mortality in sea urchin populations [14] . The slow recovery of Diadema antillarum following the mass mortality in the early 1980s may be due to compromised immunity [15] . Massive sea urchin die-offs may cause shifts in alternative stable states, e.g. from sea urchin barrens to kelp forests [16] and from live coral reefs to macroalgal-dominated reefs [17] , as well as influencing the productivity, health and distribution of seagrass beds [18] . Therefore, disease outbreaks in sea urchins can have major ecological implications.
Sea urchins possess a relatively sophisticated innate immune system which mediates their non-specific response to marine pathogens [19] . Coelomocytes, common cells found in the open circulatory system are the primary 'effectors' of this innate immunity [20, 21] and include amoebocytes (red and white), vibratile cells and phagocytes [20] . The immune functions of coelomocytes are thought to include antibacterial activity, clotting, oxygen transport, chemotaxis and phagocytosis [19] . Red amoebocyte levels are suggested to be a bioindicator of abiotic stress such as from increased temperature or pollution [22, 23] .
Studies of the impact of ocean acidification during shortterm (7-day) exposure to pH 7.7 report an increase in the total coelomocyte count in a sea urchin (Strongylocentrotus droebachiensis) and in a sea star (Leptasterias polaris) [24] , but a decrease in the phagocyte count in the sea star Asterias rubens during short-(7-day) and long (six-month) exposures [24] . With regard to warming (2 -108C above ambient), coelomocyte adhesion, spreading and phagocytic capacity in the sea urchins Lytechinus variegatus, Sterechinus neumayeri and Echinometra lucunter are compromised [23, 25] . However, in an ocean simultaneously warming and decreasing in pH, it is important to investigate both stressors because they can have additive, synergistic or antagonistic effects [26, 27] .
We investigated the effects of increased temperature and acidification on the immune response of the sea urchin H. erythrogramma. The sea urchins were gradually conditioned with incremental change in these factors over 30 days and were then held in their new environment for up to 30 days and their immune response parameters were determined. Heliocidaris erythrogramma is ecologically important as it is the most abundant sea urchin species in eastern Australia [28] , a global warming hot spot [29] where surface seawater temperatures (SST) are increasing three to four times the global average [30] . This rapid warming is correlated with increased disease in H. erythrogramma [12] . By the year 2100, SST in this region are estimated to increase by up to 48C, while pH is estimated to decline by up to 0.5 units (scenario RCP 8.5) [1] . In addition to these changes, the H. erythrogramma used in this study experience temperature increases during day time low neap tides of 2 -38C and 4-78C in winter and summer, respectively, and night time decreases in pH from a mean pH NIST of 8.19 to pH NIST 7.9 (M Byrne 2010-2014, unpublished data). These fluctuations are predicted to become more extreme under near-future conditions [31] . Several studies on the response of H. erythrogramma to combined warming and acidification indicate that larvae, juveniles and adults are resilient to moderate changes in these stressors and that warming (approx. more than 48C above ambient) is the more important stressor with significant negative impacts [31] [32] [33] . A recent study revealed that warming and acidification had a negative additive effect on the metabolism of juvenile and adult H. erythrogramma acclimated to near-future conditions indicating that near-future climate change will incur a substantial energetic cost [34] . Here we investigate if near-future warming and acidification also impairs immune function, a key feature of sea urchin health that remains to be assessed.
The purpose of this experiment was to characterize the acute immune response of H. erythrogramma on day 1 after reaching a new warming and acidification environment following gradual introduction of these stressors and how this changed over longer acclimation periods (15 and 30 days). The latter was important to determine if the immune system would adjust its response to the new environment over time to maintain its defensive function. We assessed immune function by measuring coelomocyte concentration, types of coelomocytes (including the suitability of red amoebocytes as a stress indicator) and phagocytic activity. Additionally, we assessed the bactericidal activity of coelomic fluid against V. anguillarum, a common marine pathogen that is the primary cause of bald sea urchin disease in H. erythrogramma and many other sea urchin species [12, 13] . The aquaria were randomly assigned to one of four experimental treatments, with five aquaria per treatment in a temperature-controlled room (198C). Each aquarium contained six sea urchins. Over a 30-day conditioning period, the temperature and pH of the header tanks supplying the designated aquaria were adjusted every 3 days (þ18C, 20.1 pH unit) until target temperature and pH levels in the experimental treatments (178C/pH 7.6, 238C/pH 8.15 and 238C/pH 7.6) were reached. The ambient aquaria (178C/pH 8.15) were not changed and were used as the control conditions, while the other three treatments represented exposure to near-future conditions of temperature and/or pH [35] . On each adjustment the change was gradual because it took most of the day for the conditions in the holding aquaria to reach the new set values. Seawater temperature was controlled with EHEIM Jager heaters (75 W) placed in header tanks and seawater pH was manipulated by bubbling CO 2 and air through a large air stone into header rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161501 tanks until the desired levels were reached. All header and experimental tanks had tightly fitting plastic lids, to prevent the outgassing of CO 2 during the experiment and dissolved oxygen levels in all tanks were maintained at more than 95%. Throughout the study the sea urchins were held under a 12 L : 12 D cycle and fed an excess of Sargassum sp. once per week. The tanks were cleaned every third day to remove faeces and uneaten algae. This siphoning exercise resulted in removal of one-third of the experimental water on each occasion which was gradually refilled by the water from the header tanks.
Material and methods
Seawater temperatures and pH were measured in each experimental aquarium once per day using a 6391A-LabQuest 2 Vernier Temperature Probe and Tris-Compatible Flat pH Sensor. The probe was calibrated with NIST (high precision) buffers pH 4 and 10 (ProSciTech, Kirwan, Qld, Australia). Seawater temperatures and pH determined once the target values were reached are presented in electronic supplementary material, table S1. Water samples were fixed with mercuric chloride and total alkalinity (A T ) was determined by potentiometric titration (907 Titrando, Metrohm) using certified reference standards. pCO 2 , VCa and VAr were calculated with CO2SYS [36] using data for salinity, temperature, pH NIST 
(b) Experimental design
All immune response parameters were measured on days 1, 15 and 30 following the gradual (30-day) exposure to experimental temperature and pH levels. At each time point (1, 15 and 30 days), 2 ml of coelomic fluid was withdrawn using a glass syringe equipped with an 18-gauge needle from each of two randomly selected sea urchins per aquarium. This was done rapidly, one urchin at a time with prompt analysis of the coelomic fluid to reduce the potential impact of handling on the immune parameters. Each syringe contained 2 ml of an anticoagulant solution [38] to prevent clotting of the coelomic fluid. Coelomic fluid removed from the first individual in each aquarium (n ¼ 5 per treatment) was used to quantify the number and type of coelomocytes, as well as bactericidal activity of coelomic fluid against the bacterium V. anguillarum. The coelomic fluid from the second individual in each aquarium (n ¼ 5 per treatment) was used to quantify the phagocytic capacity of coelomocytes. Those individuals were removed from the aquaria so they would not be resampled during later time points. Therefore, the number of sea urchins in each aquarium decreased over the course of the experiment, but as the initial density was very low and the conditions were flow-through, with renewal of one-third of the water every 3 days, we do not anticipate that this would affect our results. Importantly, each replicate had identical treatment.
(c) Coelomocyte counts, phagocytosis and bactericidal activity
After each experimental exposure period, the number and type of coelomocytes ( per unit volume coelomic fluid) was quantified by adding 100 ml of coelomic fluid to a haemocytometer and counting at least 100 coelomocytes. Counts were performed in triplicate for each sea urchin and the mean value was used as the datum for analysis. The phagocytic capacity of coelomocytes was determined by adding 100 ml of coelomic fluid to a glass slide, allowing coelomocytes to spread and adhere for 1 h while being held at room temperature (208C), and then exposing them to 100 ml of a yeast solution (Saccharomyces cerevisiae) for an additional hour. The yeast solution was diluted with sterile seawater until it contained approximately 10 cells per phagocytic coelomocyte.
The coelomocytes were then examined with phase microscopy and phagocytic capacity calculated as: no: phagocytes phaogocytosing Â 100 total no: of phagocytes :
After each experimental exposure period, the bactericidal activity of coelomic fluid against a common marine pathogen, V. anguillarum cultured in Difco marine broth 2216 at 208C was determined. After 24 h, the bacterial solution was serially diluted to approximately 4000 colony forming bacteria ml 21 [39] and 0.1 ml of the diluted bacterial suspension was added to 1.9 ml of coelomic fluid containing coelomocytes. Controls consisted of 0.1 ml of bacterial suspension added to 1.9 ml of control solutions (sterile seawater or sterile marine broth; n ¼ 5 each) and were used to verify bacterial viability.
The bacterial suspensions and coelomic fluid or control solutions were incubated at 208C and 0.1 ml subsamples were spread plated on marine agar plates (75% Difco marine broth 2216 þ 25% Difco Bactoagar) at 0, 24 and 48 h. After incubation for 24 h at 208C, the bacterial colonies on each plate were counted and used to calculate the bacterial survival index as:
Subsamples plated at time zero were compared with 0.1 ml subsamples plated from the stock bacterial solution and the bacterial survival index equation was modified to:
A survival index value of 100 indicated bacterial counts in the subsamples (bacterial suspension and coelomic fluid) were equal to bacterial counts in the subsamples at time zero (i.e. no bacterial growth or clearance occurred). An index value of greater than 100 indicated an increase in bacterial numbers while a value less than 100 indicated bacterial clearance or decrease from the coelomic fluid, as indicative of bactericidal activity [39] .
(d) Statistical analyses
Prior to statistical analysis normality and homogeneity of the data were confirmed using Shapiro-Wilk's and Bartlett's tests for equality of variances, respectively. Coelomocyte concentration, red amoebocyte concentration and phagocytic activity were analysed using a three-way analysis of variance (ANOVA) with time (1, 15 and 30 days), temperature (178C and 238C) and pH (7.6 and 8.15) as fixed factors. Treatments that differed were compared using Tukey's post hoc test. The types of coelomocytes comprising the coelomic fluid were analysed at each time point (1, 15 and 30 days) using the R vegan package, Adonis function with temperature and pH as fixed factors and the similarity percentage (SIMPER) analysis.
The data for bactericidal activity of coelomic fluid on day 1, 15 and 30 in three incubation times with V. anguillarum (0, 24 and 48 h) were not homogeneous. However, as the ANOVA is relatively robust to violations of homogeneity [40] , these data were analysed using a three-way ANOVA with time, temperature and pH as fixed factors and Tukey's post hoc test. GraphPad Prism 6 and R software [41] were used to conduct all statistical analyses and p , 0.05 was considered significant. figure 1 ). The two stressor treatments had the greatest effect on coelomocyte concentration. After 30 days in experimental conditions, post hoc comparisons indicated that the coelomic fluid of sea urchins exposed to increased temperature and acidification contained significantly fewer coelomocytes than that from sea urchins in the other treatments (Tukey's HSD; p ¼ 0.025; figure 1; table 1 ). The negative effect of the two stressors may have been additive, but the significant effect of temperature (table 1) indicates that the negative effect was largely driven by warming.
Results (a) Coelomocyte concentration

(b) Cell types
The coelomic fluid contained amoebocytes (red and white), vibratile cells and phagocytes (petalloid and dendritic; electronic supplementary material, figure S1 ). White amoebocytes were the most common cell type in control sea urchins (43.7-63.9% of the cells), and this was fairly consistent at each time point (figure 2).
On day 1, only pH had a significant effect on the cell types in the coelomic fluid (Adonis, F Throughout the experiment the coelomic fluid of the sea urchins held in the control treatment had a high phagocytic activity (29 -35%). The phagocytic activity of sea urchins in all the experimental treatments was 30% lower on day 1. By day 15, phagocytic activity of sea urchins in the 238C treatments had increased but remained 50% lower than that of control sea urchins (figure 3), and after 30 days, the phagocytic activity of the coelomic fluid of sea urchins in the control and elevated temperature treatments (238C/pH 8.15 and 238C/pH 7.6) were similar ( figure 3; table 3 ) indicating a recovery of phagocytic activity in the warm treatments. By contrast, phagocytic activity in the coelomic fluid of urchins from the 178C/pH 7.6 treatment was depressed at every time point.
(d) Bactericidal activity
Immediately after combining the bacterial suspensions of V. anguillarum with coelomic fluid (time zero), the bacterial survival index of coelomic fluid from sea urchins in all temperature and pH treatments was approximately 100, indicating that there was no immediate effect of coelomic fluid source on the bacterial suspension (figure 4a). This effect remained consistent regardless of how long the sea urchins were held in the conditions (1, 15 or 30 days), and there was no significant effect of time, temperature or pH on bacterial survival indices at time zero ( figure 4c ). By contrast, the bacterial survival indices from sea urchins held in all experimental treatments increased over each time point (1, 15 and 30 days), indicating that exposure to a single stressor (temperature or pH) or multiple stressors gradually decreased the ability of the sea urchins to clear bacteria from their coelomic fluid. At each time point, coelomic fluid from sea urchins exposed to both stressors was the least effective at inhibiting bacterial growth, and after 30 days, the bacterial survival index from sea urchins held in 238C/pH 7.6 was significantly 
Discussion
In this first study of the effects of acclimation to near-future ocean warming and acidification on the sea urchin immune response we show that these stressors had a negative effect on immune function resulting in an altered coelomocyte profile and lower defense against the pathogen V. anguillarum. The coelomocyte concentrations and profile seen here for H. erythrogramma from ambient conditions were similar to that determined for other sea urchin species, with some variation between taxa [24, 42, 43] . Thus, in the non-stressed situation the data for H. erythrogramma are typical. By contrast, sea urchins simultaneously exposed to warming and acidification for 15 and 30 days had reduced coelomocyte concentrations. Previous studies of the immune response of echinoderms to acidification as a single stressor have shown varying responses. Similar to H. erythrogramma, exposure to reduced pH for one week or six months decreased the total coelomocyte concentrations in the coelomic fluid of the sea star, A. rubens [24] . By contrast, in the sea star L. polaris short-term (5-7 days) exposure to reduced pH resulted in an increase in total coelomocyte concentrations [42] .
The coelomic fluid has an ionic composition similar to seawater; however, the pH is generally 0.5-1.5 pH units lower than that of seawater, which is most likely due to slow CO 2 diffusion rates from tissues and a build up of acidic metabolites [44] . As osmoconformers, some sea urchin species have relatively poor ionic regulatory capacity, and as ambient seawater pH decreases, the pH of their coelomic fluid also decreases [44, 45] . Other studies show that several sea urchin species are relatively effective at maintaining the pH of their coelomic fluid under future ocean acidification conditions [46] , as is also the case for H. erythrogramma [47] . However, no studies have investigated the physiological costs of regulating the pH of the coelomic fluid, and the associated energy trade-offs, which may limit the amount of energy available for physiological processes such as the immune response. A recent study with H. erythrogramma acclimated to combined warming and acidification at the same levels used here showed that these stressors exerted an additive effect to increase metabolism indicating significant energetic costs [34] . Although the physiological mechanisms underlying the depression of the immune response seen here is not known, it may involve the diversion of energetic resources away from maintenance of innate immunity.
For H. erythrogramma, innate immune functions were affected by increased temperature and acidification. The largest change in the types of coelomocytes making up the coelomic fluid (48% dissimilarity) was observed between sea urchins held for 30 days at ambient conditions and those in elevated temperatures and reduced pH. This suggests that longer exposures to near-future conditions had a greater impact on coelomocyte types than shorter exposures as the sea urchins respond over time to the new environment. The physiological implications of a changing coelomocyte profile are not understood. However, we hypothesize that the reduction of flagellated vibratile cells observed in sea urchins held for 30 days in elevated temperatures and reduced pH may decrease the ability of the coelomic fluid to circulate waste materials and nutrients.
The concentration of the red amoebocytes in H. erythrogramma differed among treatments with a decrease in these cells with warming. This contrasts with L. variegatus where an increase in these cells is proposed to be an indicator of stress [22] , including increased temperature [25] . Acidification did not have a significant effect on red amoebocyte concentrations as also observed for S. droebachiensis [42] . Phagocytes usually comprise the highest proportion of cell types in sea urchin coelomic fluid [19] , whereas white amoebocytes were most abundant in H. erythrogramma in both control and experimental Figure 3 . Phagocytic activity (%; x + s.e.) of dendritic and petalloid phagocytes from Heliocidaris erythrogramma that were exposed to temperature and pH treatments for 1, 15 and 30 days (n ¼ 5 per treatment). Letters indicate significant differences between the control (178C/pH 8.15) and experimental treatments within each exposure period. Table 3 . Three-way ANOVA of the effects of time, temperature and pH on the phagocytic activity of coelomocytes collected from Heliocidaris erythrogramma exposed to temperature and pH treatments for 1, 15 and 30 days (n ¼ 5 per treatment). Significant factors ( p , 0.05) are indicated in italics. At each of the three time points examined, the phagocytic activity of coelomocytes from H. erythrogramma exposed to ambient temperature and reduced pH was lower than that for control sea urchins. In echinoderms, phagocytosis, digestion and degradation of foreign material such as bacteria by coelomocytes is considered to be the 'first line' of defence against pathogens [43] . Reduced phagocytic activity has also been documented in response to acidification as a single stressor in other marine invertebrates. After a fourmonth exposure to reduced seawater pH, haemocyte concentrations in the lobster Nephrops norvegicus were reduced by almost 50% and the phagocytic capacity of the remaining haemocytes was inhibited by 60% [48] . A single-stressor experiment investigating the effects of increased temperature on the phagocytic activity of coelomocytes from the sea urchin S. neumayeri indicated that ocean warming may increase phagocytic activity [23] . Similarly, our results suggest that increased temperature may alleviate the negative effects of reduced seawater pH on phagocytic activity.
Measuring the susceptibility of an organism to a pathogen provides the most predictive assessment of immune function [49] . In this study, H. erythrogramma exposed to both stressors over 30 days were the least effective at inhibiting growth of V. anguillarum. Similarly, reduced seawater pH decreased antibacterial activity in the mussel Mytilus edulis while elevated temperature increased antibacterial activity [49] . Our findings suggest that in H. erythrogramma, exposure to combined warming and acidification over 30 days had a greater reduction in antibacterial activity than those exposed over a similar period to a single stressor. This combined effect is expressed in a 1000-fold reduction in the ability to inhibit bacterial growth. As the coastal habitat of H. erythrogramma increases in temperature with an increase SST to 25-268C and acidification to pH NIST 7.6-7.7 [31] , and as fluctuations in its shallow water habitats become more extreme, this species may exhibit characteristics of a compromised immune system.
The recovery of coelomocyte concentration and phagocytic activity over 30 days in the single stressor warm treatment indicates a capacity for H. erythrogramma to adjust immune function following acclimation to increased temperature. This is an important consideration because increased coastal air and sea temperatures are the most important contemporary climate change stressors in the region [50] . Although our regime of 30 days of change followed by 30 days of response is very different to the more gradual change projected over coming decades, our acclimation approach indicated scope for phenotypic adjustment to warming. It is not known what the influence of a more gradual change (months to years) to lower pH would be or how this would be influenced by diurnal fluctuations. Equally noteworthy was the variability we observed in the ability of sea urchins exposed to the same conditions to inhibit bacterial growth, suggesting that some individuals may be more resilient and so may be better preadapted to withstand elevated temperature and reduced pH than others. Natural selection over the much longer timescale on which climate change is occurring may allow further adaptation to the temperature and pH conditions used here. Transgenerational experiments may provide an indication whether this variability in immune function or resilience can be passed on to progeny to allow H. erythrogramma to adapt or acclimate to the pathogenic challenges of near-future changes in the ocean environment. In summary, the differences between the immune response on day 1 and day 30 in experimental conditions show the importance of gradual introduction of stressors followed by an acclimation period to avoid acute responses which are likely to be less reflective of future ocean conditions. The recovery of some immune functions with time indicates that this recovery might have been enhanced with a longer acclimation time and suggests that . An index value of greater than 100 indicates bacterial growth while a value less than 100 indicates bacterial clearance due to bactericidal activity [39] .
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http://dx.doi.org/10.5061/dryad.9hr7t. Table 4 . Three-way ANOVA of the effects of time, temperature and pH on the bactericidal activity of coelomocytes collected from Heliocidaris erythrogramma exposed to temperature and pH treatments for 1, 15 and 30 days. Bactericidal activity was measured after (a) 0 (b) 24 and (c) 48 h after bacterial suspensions and coelomic fluid were combined (n ¼ 5 per treatment). Significant factors ( p , 0.05) are indicated in italics. 
